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Ccd1, a Novel Protein with a DIX Domain,
Is a Positive Regulator in the Wnt Signaling
during Zebrafish Neural Patterning
especially high in the coiled-coil domain (73%) and the
DIX domain (79%). Ccd1 contains numerous serine and
threonine residues that are potential sites for phosphor-
ylation by GSK3, casein kinases, and protein kinases
A and C, although the biological significance of Ccd1
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1-1-1 Tennoudai phosphorylation remains unknown. Weak ccd1 mRNA
expression is observed throughout the embryo, includ-Tsukuba, Ibaraki 305-8575
Japan ing the shield, at the shield stage (Figure 1D), and robust
expression is observed in the notochord and head re-
gions from the bud to somite stages (Figure 1E and our
unpublished data). At 24 hr post-fertilization (hpf), ccd1Summary
is expressed in the early born neurons in the telence-
phalic nucleus (Tn), the nuclei of the tract of the postop-Wnt signaling plays a crucial role in directing cell dif-
tic commissure (nTPOC) and of the medial longitudinalferentiation, polarity, and growth [1–3]. In the canoni-
fasciculus (nMLF), and in segmental clusters of neuronscal pathway, Wnt receptors activate Dishevelled (Dvl),
in the hindbrain (Figures 1F–1H) [7].which then blocks the degradation of a key signal
Because the DIX domains of Dvl and Axin are involvedtransducer, -catenin, leading to the nuclear accumu-
in homomeric or heteromeric protein interactions andlation of -catenin and induction of Wnt target genes
are essential for the activity of the proteins [8–11], wethrough TCF/LEF family transcription factors [1–3].
wondered whether Ccd1 interacts with the DIX-con-Here we identified a novel zebrafish gene encoding
taining proteins Dvl, Axin, and Ccd1 itself. We thereforeCcd1, which possesses a DIX (Dishevelled-Axin) do-
tested these interactions by immunoprecipitation analy-main. DIX domains are essential for the signal trans-
sis after coexpression of FLAG-tagged Ccd1 togetherduction of two major Wnt downstream mediators, Dvl
with Myc-tagged Dvl, Axin1, and Ccd1. In immunopre-and Axin. Ccd1 formed homomeric and heteromeric
cipitation experiments with anti-Myc antibody and ly-complexes with Dvl and Axin and activated TCF-depen-
sate from the cells expressing Ccd1-FLAG and Dvl-Myc,dent transcription in vitro. In addition, overexpression
the Ccd1-FLAG protein was detected in the Dvl-Mycof ccd1 in zebrafish embryos led to a reduction in the
immune complex (Figure 2A). Conversely, in similar ex-size of the eyes and forebrain (posteriorization), as
periments with the same lysate and anti-FLAG antibody,seen with wnt8 overexpression [4–6], whereas a domi-
the Dvl-Myc protein was detected in the Ccd1-FLAGnant-negative ccd1 (DN-ccd1) caused the opposite
immune complex (Figure 2A). Similarly, Ccd1-FLAGphenotype. Furthermore, the Wnt activation pheno-
coimmunoprecipitated with Axin1-Myc, and vice versatype induced by ccd1 was inhibited by the expression
(Figure 2A). In addition, further immunoprecipitationof axin1 or DN-ccd1, and the wnt8 overexpression
analyses using deletion constructs of Dvl and Ccd1 indi-phenotype was rescued by DN-ccd1, suggesting that
cated that Ccd1 associates with Dvl lacking its PDZCcd1 functions downstream of the Wnt receptor and
domain (PDZ-Dvl) or its C-terminal DEP domain (C-upstream of Axin. These results indicate that Ccd1 is
Dvl) but not with Dvl lacking its DIX domain (N-Dvl).a novel positive regulator in this Wnt signaling pathway
Furthermore, such analyses indicated that Dvl associ-during zebrafish neural patterning.
ates with Ccd1 lacking its coiled-coil domain (N-Ccd1)
but not with Ccd1 lacking its DIX domain (C-Ccd1)
Results and Discussion (Figures 1C and 2B). These data suggest that the Ccd1
protein forms heteromeric complexes with Axin and Dvl
We isolated a zebrafish gene encoding a novel 443 and that the DIX domains of both Ccd1 and Dvl are
amino acid protein, Ccd1 (Coiled-coil-DlX1) (Figure 1A). required for the interaction between Ccd1 and Dvl.
The N-terminal portion of Ccd1 shows weak similarity Furthermore, Ccd1-FLAG coimmunoprecipitated with
(approximately 25%) with myosin heavy chains and is Ccd1-Myc, N-Ccd1-Myc, and C-Ccd1-Myc (Figure
predicted to contain a coiled-coil structure (Figure 1A). 2C), indicating that Ccd1 forms a homomeric complex
The C terminus of Ccd1 shows high homology to the through its coiled-coil and DIX domains.
DIX domains found in the N terminus of Dvl and the C To test whether Ccd1 activates or inhibits the Wnt
terminus of Axin (Figures 1A and 1B). In this region, signaling pathway in vitro, we used a transient transfec-
Ccd1 has 34%–36% identity with zebrafish Dvl and Axin tion reporter assay. We calculated the fold activation of
(Figure 1B). Weak homology (approximately 18%) be- TCF-dependent transcription by dividing the luciferase
tween Ccd1 and Axin2 is present in a 70 amino acid activity obtained in the cells transfected with a plasmid
region upstream of the DIX domain (our unpublished containing multimeric TCF binding sites upstream of a
data). A human homolog (KIAA1735) shows overall luciferase reporter gene (TOPtkLuciferase) by that ob-
amino acid sequence identity of 54% with zebrafish tained with a control plasmid containing mutated TCF
Ccd1 (Figure 1A). The homology between these two is binding sites (FOPtkLuciferase) [12]. Cotransfection of
the full-length ccd1 (FL-ccd1) resulted in 10.6-fold acti-
vation, which was comparable to the activation by Dvl*Correspondence: mmasu@md.tsukuba.ac.jp
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Figure 1. Zebrafish Ccd1 Sequence and Gene Expression
(A) Amino acid sequence alignment of zebrafish Ccd1 and its human
homolog, KIAA1735 (GenBank accession number, BAB21826).
Shading indicates identical amino acids. Solid and broken lines
indicate the coiled-coil domain and the DIX domain, respectively.
(B) Sequence comparison of DIX domains of Ccd1, DvlA (AB041734),
DvlB (AW153465), Axin1 (AB032262), and Axin2 (AB032263) from
zebrafish (two Dvl genes in the database are tentatively named DvlA
and DvlB here). Shading indicates the amino acids conserved among
more than two sequences.
(C) Schematic view of the ccd1 expression constructs used in this
study. FL-Ccd1: full-length form. N-Ccd1 and C-Ccd1: N-ter-
minally and C-terminally truncated forms, respectively.
Figure 2. Ccd1 Interacts with Dvl, Axin, and Ccd1 Itself and Acti-(D–H) Expression of ccd1 mRNA revealed by whole-mount in situ
vates TCF-Dependent Transcriptionhybridization in zebrafish embryos. Lateral views (D and F–G) and
dorsal views (E and H) at the shield stage (D), at the 10-somite stage (A–C) Immunoprecipitation analyses. The association between Ccd1
(E), and at 24 hpf (F–H) are shown. (F) and (H) show high-power and Dvl or Axin (A), deletion forms of Ccd1 and Dvl (B), or Ccd1
views of the head and hindbrain regions, respectively. The asterisk itself (C) was examined. (D) The effects of FL-Ccd1, N-Ccd1,
in (G) indicates the hindbrain. Abbreviations are as follows: Tn, the C-Ccd1, Dvl, and Axin on TCF-dependent transcription were deter-
telencephalic nuculeus; nTPOC, the nucleus of the tract of the post- mined via a luciferase reporter assay. The figure shows the fold
optic commissure; nMLF, the nucleus of the medial longitudinal activation, calculated by division of the luciferase activity obtained
fasciculus; ov, otic vesicle. Scale bar, 250 m in (D), (E), and (G), with a TOPtkLuciferase reporter plasmid (containing multimeric TCF
50 m in (F), and 100 m in (H). binding sites) by that obtained with FOPtkLuciferase (containing
mutated TCF binding sites). Values are shown as means SEM from
three to six independent experiments. Asterisks indicate statistical
expression (8.9-fold) (Figure 2D). Expression of N-Ccd1 significance (**, p  0.01; *, p  0.03) by a Student’s t test.
alone did not activate the reporter gene, whereas cotrans-
fection of N-ccd1 and FL-ccd1 led to reduction of the
luciferase activity to 38% of the level obtained with FL-
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data). At 48 hpf, in addition to the change in eye size,
hypopigmentation of the eyes was evident in the em-
bryos injected with N-ccd1 (Figure 3F). To analyze how
ccd1 affects eye development, we examined the expres-
sion of several neural markers. First, in the embryos
injected with FL-ccd1, the expression of pax6, a marker
for the eye and forebrain, was almost abolished, and
the pax6-expressing forebrain area was reduced at the
15-somite stage (Figure 3H). In contrast, in embryos
injected with N-ccd1, the pax6 expression in eyes was
increased, and the region of expression was enlarged
(Figure 3I). The expression of six3.2, another marker
for the eye and forebrain, showed similar changes in
embryos injected with FL-ccd1 and N-ccd1 (our un-
published data). To test whether these eye/forebrain
phenotypes result from cell fate mis-specification in ear-
lier development, we next examined the expression of
emx1, a marker for the dorsal telencephalon, and pax2.1,
a marker for the midbrain/hindbrain boundary (MHB), at
the tail bud stage. The expression of emx1 was markedly
reduced by injection of FL-ccd1 (Figure 3K), whereas
the region of emx1 expression expanded after the injec-
tion of N-ccd1 (Figure 3L). In addition, in embryos in-
jected with FL-ccd1, the pax2.1-positive area spread
into the neural plate rostral to MHB (Figure 3N), whereas
pax2.1 expression in theN-ccd1-injected embryos was
decreased and compressed posteriorly (Figure 3O). Sev-
eral lines of recent studies suggest that Wnt signaling
is important in regulating head induction [13–18]. In ze-
brafish, excessive activation of the Wnt pathway by
Figure 3. Overexpression of ccd1 and its Dominant-Negative Form overexpression of wnt8 or its receptor, or by mutations
(N-ccd1) Causes Eye and Forebrain Defects of tcf3 or axin1, leads to the absence or reduction in
(A–F) Side view of the head regions of control zebrafish embryos size of the eyes and telencephalon, whereas inhibition
(A and D) or embryos injected with either FL-ccd1 (B and E) or
of Wnt signaling leads to enlargement of the forebrain
N-ccd1 (C and F) at 30 hpf (A–C) or 48 hpf (D–F). (G–O) Whole-
[4–6, 19–25]. These data suggest that the ccd1 overex-mount in situ hybridization of pax6 at the 15-somite stage (G–I) and
pression phenotype reflects transformation of the cellof emx1 (J–L) and pax2.1 (M–O) at the tail bud stage. Dorsal views
of control embryos (G, J, and M) and embryos injected with FL- fate in the forebrain/eye region into that of more caudal
ccd1 (H, K, and N) or N-ccd1 (I, L, and O) are shown. Asterisks in regions (posteriorization), which is similar to the wnt8
(G) indicate eye regions. The scale bar represents 250 m. overexpression phenotype in zebrafish, and that N-ccd1
inhibits this signaling. These findings are consistent with
our observations, from transfection experiments, that
ccd1 alone and was comparable to the basal level ob- Ccd1 activates TCF-dependent transcription and that
tained with a control vector (Figure 2D). N-ccd1 also N-Ccd1 acts as a dominant-negative inhibitor.
suppressed the activation by Dvl to a similar extent Finally, we investigated the functional role of ccd1 in
(Figure 2D). In addition, coexpression of Axin, an inhibi- Wnt signaling in vivo by examining whether the pheno-
tor of the Wnt signaling pathway, inhibited the activation types caused by FL-ccd1 and N-ccd1 overexpression
by FL-Ccd1(Figure 2D). C-Ccd1 showed only weak ac- in zebrafish were altered by simultaneous Wnt activation
tivity (Figure 2D). These data clearly indicate that Ccd1 or inhibition. To this end, we injected FL-ccd1 or N-
is able to activate Wnt/-catenin signaling upstream of ccd1 together with wnt8 or axin1 into zebrafish embryos
Axin in vitro and that N-Ccd1 inhibits Ccd1- and Dvl- and measured the area of the two eyes at 30 hpf as a
dependent activation of the Wnt pathway in a dominant- measure of Wnt activity. Figure 4A shows a histogram
negative fashion. of the eye areas of control embryos and embryos in-
In order to investigate whether ccd1 might function in jected with FL-ccd1 and N-ccd1 (200 ng/l). As shown
early development, we examined morphological changes in Figure 3, injection of FL-ccd1 reduced the eye area
after ccd1 RNA or its deletion forms were injected into and caused about 10% of the embryos to lack eyes
zebrafish embryos. Injection of FL-ccd1 RNA resulted completely (n [number of measured eyes]  146) (Fig-
in an apparent reduction in the eye size at 30 hpf (Figure ures 4A and 4B). In contrast, injection of N-ccd1 en-
3B) compared with the size in uninjected control em- larged the eye area (n  152), and eyes larger than the
bryos or embryos injected with control RNAs (e.g., upper limit in the control embryos (37.5  103 m2 )
-galactosidase RNA) (Figure 3A). In contrast, injection were observed in one-third of injected embryos (Figures
of N-ccd1 RNA led to enlargement of the eyes (Figure 4A and 4B), whereas injection of C-ccd1 did not affect
3C), whereas injection of C-ccd1 RNA did not cause eye size (our unpublished data). The mean and standard
deviation (S.D.) of the eye area of control embryos wereany apparent morphological changes (our unpublished
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and analyze zebrafish axin1 mutants (masterblind) to
further clarify the epistatic relationship between ccd1
and axin1.
Our results showed that a novel gene, ccd1, is a posi-
tive effector in the canonical Wnt/-catenin signaling
pathway both in vitro and in vivo. Ccd1, the third type
of molecule shown to possess a DIX domain, is, like Dvl
and Axin, a cytoplasmic signal transducer of the Wnt
pathway. Given our findings that Ccd1 associates with
Dvl, Axin, and Ccd1 itself, it is likely that Ccd1 regulates
the activity of the -catenin degradation complex through
its interaction with Dvl and Axin or by modulating the
interaction between Dvl/Axin and other molecules [26–
28]. Ccd1 is distinct from Frodo, Dapper, and Idax, other
vertebrate Dvl binding proteins that have been recently
isolated; these three molecules do not have DIX domains
[26–28], Dapper and Idax inhibit Wnt signaling [27–28],
and Frodo, which is a positive regulator of the Wnt path-
way and functions together with Dvl, does not activate
Wnt signaling when expressed alone [26]. Consistent
with the recent findings that the anteroposterior (AP)
gradient of Wnt signaling is important in establishing
neural patterning [4–6, 21–27], the activation of Wnt sig-
naling by ccd1 overexpression in zebrafish embryos re-
sulted in a reduction of the size of the eyes and forebrain,
and Wnt inhibition by N-ccd1 led to the opposite phe-
notype. Therefore, ccd1 plays an important role in regu-
lating the Wnt signaling pathway in AP neural patterning.
Ccd1 signaling may also be involved in the dorsoventral
Figure 4. Ccd1 Activates Wnt Signaling Downstream of Wnt8 and patterning in gastrulation because injection of higher
Upstream of Axin1 In Vivo concenctrations of N-ccd1 (400 ng/l) caused weak
(A) A histogram of the eye areas of control embryos and embryos dorsalization phenotypes in zebrafish embryos (our un-
injected with FL-ccd1 or N-ccd1. published data; also, the lateral expansion of pax2.1
(B) Percentages of eye phenotypes in the zebrafish embryos injected
expression in Figure 3O might reflect weak dorsaliza-with FL-ccd1, N-ccd1, C-ccd1, wnt8, or axin1, or combinations
tion), although we have not fully examined the specificityof two of these, are shown. Eye phenotypes were classified as
eyeless, small eye, normal eye, and big eye (refer to the text for of these changes. Further studies will be necessary to
definitions). determine which aspect(s) of Wnt signaling requires
ccd1 function. In addition, it is well known that inappro-
priate activation of Wnt signaling leads to the develop-
29.8 and 3.1  103 m2 (n  136), respectively. In the ment of various human cancers [29, 30]. It will thus
following experiments, we defined “small eye” and “big be important to elucidate the functions of ccd1 in cell
eye” as eyes whose areas were smaller than the mean proliferation, differentiation, and oncogenesis.
	2 S.D. (23.6  103 m2 ) and larger than the mean

2 S.D. (36.0  103 m2 ) of those of control embryos,
Supplementary Materialrespectively. wnt8 injection (100 ng/l) resulted in a
Supplementary Experimental Procedures are availablemarked reduction in eye size, with 73% of embryos
with this article online at http://images.cellpress.com/showing the “eyeless” phenotype and 27% showing
supmat/supmatin.htm.“small eye” (Figure 4B). This phenotype was rescued
by N-ccd1 in a dose-dependent manner; in embryos
injected with 1:1 N-ccd1 and wnt8 (200 ng/l each) or Acknowledgments
with 3:1 N-ccd1 and wnt8 (300 ng/l and 100 ng/l,
respectively), 44% and 71% showed normal eye size, We would like to thank S.W. Wilson for pax6, pax2.1, and wnt8,
T. Akiyama for TOPtkLuciferase and FOPtkLuciferase, M. Hibi forrespectively (Figure 4B). Similarly, the ccd1-induced
zebrafish axin1, and M. Tada for Xenopus Dishevelled and its dele-“small eye” phenotype was also rescued by coinjection
tion constructs, M. Kobayashi for six3.2, M. Mishina for emx1, andof N-ccd1 together with FL-ccd1 (Figure 4B). More-
S. Takada and T. Uemura for critical reading of the manuscript. This
over, the “small eye” phenotype induced by ccd1 ex- work was supported by a Grant-in-Aid for Scientific Research on
pression was rescued by coinjection of a Wnt inhibitor, Priority Areas from the Ministry of Education, Culture, Sports, Sci-
axin1 (100 ng/l) (Figure 4B). Consistent with the results ence, and Technology, Japan.
from the TCF reporter assay, these data taken together
suggest that ccd1 activates the Wnt signaling pathway
Received: September 20, 2002
upstream of axin1 and thatN-ccd1 functions as a domi- Revised: October 23, 2002
nant-negative suppressor downstream of Wnt receptor Accepted: October 23, 2002
Published: January 8, 2003activation in vivo. In the future, it will be useful to obtain
Brief Communication
77
References R., et al. (2001). A mutation in the Gsk3-binding domain of zebra-
fish Masterblind/Axin1 leads to a fate transformation of telen-
cephalon and eyes to diencephalon. Genes Dev. 15, 1427–1434.1. Wodarz, A., and Nusse, R. (1998). Mechanisms of Wnt signaling
in development. Annu. Rev. Cell Dev. Biol. 14, 59–88. 22. van de Water, S., van de Wetering, M., Joore, J., Esseling, J.,
Bink, R., Clevers, H., and Zivkovic, D. (2001). Ectopic Wnt signal2. Peifer, M., and Polakis, P. (2000). Wnt signaling in oncogenesis
and embryogenesis—a look outside the nucleus. Science 287, determines the eyeless phenotype of zebrafish masterblind mu-
tant. Development 128, 3877–3888.1606–1609.
3. Moon, R.T., Bowerman, B., Boutros, M., and Perrimon, N. (2002). 23. Dorsky, R.I., Sheldahl, L.C., and Moon, R.T. (2002). A transgenic
Lef1/-catenin-dependent reporter is expressed in spatially re-The promise and perils of Wnt signaling through -catenin. Sci-
ence 296, 1644–1646. stricted domains throughout zebrafish development. Dev. Biol.
241, 229–237.4. Kelly, G.M., Greenstein, P., Erezyilmaz, D.F., and Moon, R.T.
(1995). Zebrafish wnt8 and wnt8b share a common activity but 24. Houart, C., Caneparo, L., Heisenberg, C., Barth, K., Take-Uchi,
M., and Wilson, S. (2002). Establishment of the telencephalonare involved in distinct developmental pathways. Development
121, 1787–1799. during gastrulation by local antagonism of Wnt signaling. Neu-
5. Lekven, A.C., Thorpe, C.J., Waxman, J.S., and Moon, R.T. (2001). ron 35, 255–265.
Zebrafish wnt8 encodes two Wnt8 proteins on a bicistronic 25. Kim, S.H., Shin, J., Park, H.C., Yeo, S.Y., Hong, S.K., Han, S.,
transcript and is required for mesoderm and neurectoderm pat- Rhee, M., Kim, C.H., Chitnis, A.B., and Huh, T.L. (2002). Specifi-
terning. Dev. Cell 1, 103–114. cation of an anterior neuroectoderm patterning by Frizzled8a-
6. Erter, C.E., Wilm, T.P., Basler, N., Wright, C.V., and Solnica- mediated Wnt8b signalling during late gastrulation in zebrafish.
Krezel, L. (2001). Wnt8 is required in lateral mesendodermal Development 129, 4443–4455.
precursors for neural posteriorization in vivo. Development 28, 26. Gloy, J., Hikasa, H., and Sokol, S.Y. (2002). Frodo interacts with
3571–3583. Dishevelled to transduce Wnt signals. Nat. Cell Biol. 4, 351–357.
7. Macdonald, R., Xu, Q., Barth, K.A., Mikkola, I., Holder, N., Fjose, 27. Cheyette, B.N., Waxman, J.S., Miller, J.R., Takemaru, K., Shel-
A., Krauss, S., and Wilson, S.W. (1994). Regulatory gene expres- dahl, L.C., Khlebtsova, N., Fox, E.P., Earnest, T., and Moon, R.T.
sion boundaries demarcate sites of neuronal differentiation in (2002). Dapper, a Dishevelled-associated antagonist of
the embryonic zebrafish forebrain. Neuron 13, 1039–1053. -catenin and JNK signaling, is required for notochord forma-
8. Sakanaka, C., and Williams, L.T. (1999). Functional domains of tion. Dev. Cell 2, 449–461.
Axin. Importance of the C terminus as an oligomerization do- 28. Hino, S., Kishida, S., Michiue, T., Fukui, A., Sakamoto, I., Takada,
main. J. Biol. Chem. 274, 14090–14093. S., Asashima, M., and Kikuchi, A. (2001). Inhibition of the Wnt
9. Kishida, S., Yamamoto, H., Hino, S., Ikeda, S., Kishida, M., and signaling pathway by Idax, a novel Dvl-binding protein. Mol.
Kikuchi, A. (1999). DIX domains of Dvl and Axin are necessary Cell. Biol. 21, 330–342.
for protein interactions and their ability to regulate -catenin 29. Polakis, P. (2000). Wnt signaling and cancer. Genes Dev. 14,
stability. Mol. Cell. Biol. 19, 4414–4422. 1837–1851.
10. Hsu, W., Zeng, L., and Costantini, F. (1999). Identification of 30. Taipale, J., and Beachy, P.A. (2001). The Hedgehog and Wnt
a domain of Axin that binds to the serine/threonine protein signalling pathways in cancer. Nature 411, 349–354.
phosphatase 2A and a self-binding domain. J. Biol. Chem. 274,
3439–3445. Accession Numbers
11. Li, L., Yuan, H., Weaver, C.D., Mao, J., Farr, G.H., 3rd, Sussman,
D.J., Jonkers, J., Kimelman, D., and Wu, D. (1999). Axin and The sequence of zebrafish ccd1 has been deposited in the GenBank
Frat1 interact with Dvl and GSK, bridging Dvl to GSK in Wnt- database with accession number AF502143.
mediated regulation of LEF-1. EMBO J. 18, 4233–4240.
12. Korinek, V., Barker, N., Morin, P.J., van Wichen, D., de Weger, R.,
Kinzler, K.W., Vogelstein, B., and Clevers, H. (1997). Constitutive
transcriptional activation by a -catenin-Tcf complex in APC	/	
colon carcinoma. Science 275, 1784–1787.
13. Niehrs, C. (1999). Head in the WNT: the molecular nature of
Spemann’s head organizer. Trends Genet. 15, 314–319.
14. Hashimoto, H., Itoh, M., Yamanaka, Y., Yamashita, S., Shimizu,
T., Solnica-Krezel, L., Hibi, M., and Hirano, T. (2000). Zebrafish
Dkk1 functions in forebrain specification and axial mesendod-
erm formation. Dev. Biol. 217, 138–152.
15. Shinya, M., Eschbach, C., Clark, M., Lehrach, H., and Furutani-
Seiki, M. (2000). Zebrafish Dkk1, induced by the pre-MBT Wnt
signaling, is secreted from the prechordal plate and patterns
the anterior neural plate. Mech. Dev. 98, 3–17.
16. Fekany-Lee, K., Gonzalez, E., Miller-Bertoglio, V., and Solnica-
Krezel, L. (2000). The homeobox gene bozozok promotes ante-
rior neuroectoderm formation in zebrafish through negative reg-
ulation of BMP2/4 and Wnt pathways. Development 27, 2333–
2345.
17. Kiecker, C., and Niehrs, C. (2001). A morphogen gradient of
Wnt/-catenin signalling regulates anteroposterior neural pat-
terning in Xenopus. Development 128, 4189–4201.
18. Nordstro¨m, U., Jessell, T.M., and Edlund, T. (2002). Progressive
induction of caudal neural character by graded Wnt signaling.
Nat. Neurosci. 5, 525–532.
19. Schier, A.F. (2001). Axis formation and patterning in zebrafish.
Curr. Opin. Genet. Dev. 11, 393–404.
20. Kim, C.H., Oda, T., Itoh, M., Jiang, D., Artinger, K.B., Chandra-
sekharappa, S.C., Driever, W., and Chitnis, A.B. (2000). Repres-
sor activity of Headless/Tcf3 is essential for vertebrate head
formation. Nature 407, 913–916.
21. Heisenberg, C.P., Houart, C., Take-uchi, M., Rauch, G.J., Young,
N., Coutinho, P., Masai, I., Caneparo, L., Concha, M.L., Geisler,
